We present a detailed light curve analysis of RR Lyrae variables at multiple wavelengths using Fourier decomposition method. The time-series data for RR Lyrae variables in the Galactic bulge and the Magellanic Clouds are taken from the Optical Gravitational Lensing Experiment survey while the infrared light curves are compiled from the literature. We also analyse the multiband theoretical light curves that are generated from the stellar pulsation models of RR Lyrae stars for a wide range of metal-abundances. We find that the theoretical light curve parameters with different metal abundances are consistent with observed parameters in most period bins at both optical and infrared wavelengths. The theoretical and observed Fourier amplitude parameters decrease with increase in wavelength while the Fourier phase parameters increase with wavelength at a given period. We use absolute magnitudes for a subset of theoretical models that fit the observed optical RR Lyrae light curves in the Large Magellanic Cloud to estimate a distance modulus, µ LMC = 18.51 ± 0.07, independent of the metallicity. We also use Fourier analysis to study the period-color and amplitude-color relations for RR Lyrae stars in the Magellanic Clouds using optical data and find that the slope of period-color relation at minimum light is very shallow or flat and becomes increasingly significant at the maximum light for RRab stars. We also find that the metallicity dependence of the periodcolor relations increases as we go from minimum to maximum light, suggesting that the mean light results are indeed an average of the various pulsational phases. We summarize that the average variation in these relations is consistent between theory and observations and supports the theory of the interaction of the stellar photosphere and the hydrogen ionization front.
INTRODUCTION
RR Lyrae stars are low-mass, helium-burning, horizontal branch stars, exhibiting periodic light curves with a pulsation period of ∼ 0.2 − 1.0 day and amplitude variation of 2 mag (Preston 1964; Kolenberg 2012) . These radially pulsating variables are valuable tracers of old and metal-poor stellar populations and provide extragalactic distance estimates with well-defined period-luminosity relations (PLRs), especially in the near-infrared bands (Longmore et al. 1986; Bono et al. 2001; Catelan et al. 2004; Sollima et al. 2006; Muraveva et al. 2015; Braga et al. 2015; Neeley et al. 2015) . Additionally, a narrow range of the intrinsic colors of RR Lyrae stars also serves as a useful reddening indicator (Sturch 1966 ; Ma-E-mail:susmitadas130@gmail.com teo et al. 1995; Guldenschuh et al. 2005; Wagner-Kaiser & Sarajedini 2017) . RR Lyrae and Cepheid variables are both excellent probes for the understanding of the theory of stellar pulsation and evolution. A comparison of their observed light curves and pulsation properties with theory provides very useful constraints for the stellar pulsation models (Simon 1985; Marconi et al. 2013a Marconi et al. , 2017 Bhardwaj et al. 2017 ).
Light curve structures of Cepheid and RR Lyrae variables were first studied using the Fourier decomposition method by Simon & Lee (1981) and Simon & Teays (1982) , respectively. The variation of lower-order Fourier parameters with period for 70 field RR Lyrae stars was discussed by Simon & Teays (1982) . They found that fundamental-mode (RRab) and first-overtone (RRc) mode RR Lyrae stars can be easily differentiated on the Fourier amplitude plane. Petersen (1984) carried out a Fourier analysis of RR Lyrae stars in the ω Centauri and found evidence of Cepheidlike progressions (Simon & Lee 1981) in RRab stars in the period range 0.5 day to 1.5 days. Simon (1985) compared the light curves of RR Lyrae stars with those from hydrodynamical models using Fourier decomposition and while they found consistent results between theoretical and observed data for the RRc stars, there was a discrepancy in the Fourier phase parameters for RRab stars. Bono et al. (1996) computed pulsation models of RR Lyrae stars with different chemical compositions and found that the bolometric amplitudes increase for RRab stars and decrease for RRc stars with an increase in the metal abundance. Using a smooth grid of models covering a range of stellar masses, luminosities and metallicities, Bono et al. (2001) provided theoretical constraints on the PLR for RR Lyrae stars in the K-band. Most of these theoretical studies focussed on the comparison with observed pulsation properties Bono et al. 2011 Bono et al. , 2016 Marconi et al. 2016) , while others carried out a model fitting of the light curves e.g. Simon (1985) ; Wood et al. (1997) ; Bono et al. (2002) ; Natale et al. (2008) ; Marconi et al. (2010 Marconi et al. ( , 2013a Marconi et al. ( ,b, 2017 for Cepheids and Kovacs & Kanbur (1998) ; Bono et al. (2000) ; Castellani et al. (2002) ; Di Fabrizio et al. (2002) ; Marconi & Clementini (2005) ; Marconi & Degl'Innocenti (2007) for RR Lyrae stars. However, this work makes use of the modern time-series data and the most recent stellar pulsation models of RR Lyrae stars from Marconi et al. (2015) to provide an extensive comparison of theoretical and observed light curves of RR Lyrae variables.
Fourier analysis of RR Lyrae stars has also been employed to obtain photometric metallicities using the empirical light curve structure and metallicity relations (Kovacs & Zsoldos 1995) . Jurcsik & Kovacs (1996) investigated the best-fit relations between [Fe/H] and the Fourier parameters and found a linear relation among [Fe/H] , period and the Fourier phase parameter (φ 31 ). Morgan et al. (2007) found a [Fe/H] − φ 31 − P relation for RRc stars in the globular clusters analogous to that found by Jurcsik & Kovacs (1996) for RRab stars. The correlation of Fourier phase parameters with metallicity for RR Lyrae stars has been revisited by several authors, for example, Smolec (2005) ; Nemec et al. (2013) ; Skowron et al. (2016) ; Ngeow et al. (2017) and references therein. These empirical relations allow studies of morphology, structure and the metallicity of the Galaxy and the Magellanic Clouds (Haschke et al. 2012; Deb & Singh 2014; Deb et al. 2015; Hajdu et al. 2015; Skowron et al. 2016) .
Additionally, light-curve data of RR Lyrae stars can also be used to study period-color (PC) and amplitude-color (AC) relations as a function of pulsation phase to understand the interaction of the stellar photosphere and the hydrogen ionization front (Simon et al. 1993; Kanbur & Fernando 2005; Bhardwaj et al. 2014; Ngeow et al. 2017) . Recent near-infrared observations of RR Lyrae stars provide evidence of a tight PLR at longer wavelengths (Sollima et al. 2006; Del Principe et al. 2006; Coppola et al. 2012; Muraveva et al. 2015; Braga et al. 2015; Neeley et al. 2017 ) that can be used to measure the value of the Hubble constant up to a few percent precision (Beaton et al. 2016) . However, metallicity contribution to PLRs for RR Lyrae stars is not well-constrained as the observed P − L − [Fe/H] relations differ from those obtained using theoretical pulsation models (for example, Muraveva et al. 2015; Marconi et al. 2015) . A detailed light curve analysis of RR Lyrae stars can provide insights into the metallicity effects on the light curve structure and subsequently on the mean light PLRs. Further, a comparison of the observed light curves of RR Lyrae stars with theoretical models is crucial for understanding important constraints for the stellar pulsation codes. This analysis has been recently carried out for Cepheid variables by Bhardwaj et al. (2017) and we extend this work for RR Lyrae stars in the present analysis. The structure of this paper is as follows: Section 2 describes the theoretical models and the observational data used in this analysis. The Fourier decomposition technique is briefly discussed in Section 3 and we study the variation of amplitude and Fourier parameters with wavelength, period and metallicity and present the comparison of theoretical and observed light curve parameters. We discuss the extinction corrected PC, AC and PC-metallicity relations for RR Lyrae stars in Section 4. Finally, we summarise the results of this study in Section 5.
THE DATA

Theoretical light curve data
We analyse the theoretical light curves generated using the nonlinear, time-dependent convective hydrodynamical models of 243 RR Lyrae stars (166 RRab, 77 RRc) from Marconi et al. (2015) , computed with a constant helium-to-metal abundance ratio. 167 additional models (108 RRab, 59 RRc) with different metal abundances, stellar masses and luminosities have been computed for the present analysis and the summary of the models available is listed in Table 1 . The models have seven different chemical compositions ranging from Z=0.02 to Z=0.0001, with a primordial He abundance of 0.245 and a helium-to-metals enrichment ratio of 1.4. The [He/M] value has been adopted to correctly replicate the initial helium abundance of the Sun (Serenelli & Basu 2010). We note here that Z =0.0122 (Asplund et al. 2005) . Each of these compositions have a few sets of stellar masses and luminosities, which were fixed according to detailed central He-burning horizontal-branch evolutionary models. The typical range of Z is broad enough for the comparison with the observed RR Lyrae stars in the Galaxy, LMC and SMC (Clementini et al. 2003) . For a fixed Z, the range of M,L,T is certainly not smooth enough to cover all possible combinations. Regardless, these set of models will be used to provide an overall consistency test for the comparison with observed light curves structure. However, we emphasize that a smoother grid of models may allow us to study the impact of different physical parameters on the light curve structure. The predicted bolometric light curves for both fundamental (FU) and first overtone pulsators (FO) have been transformed into optical (U BVRI) and nearinfrared (NIR;JKL) bands using static model atmospheres (Bono et al. 1995; Castelli et al. 1997a,b) . The models also include RR Lyrae stars with periods greater than 1 day, taking into account the possibility of evolved RR Lyrae stars.
Archival observed light curve data
We also use archival observed light curve data for a comparison with the theoretical results. This is summarised in Table 2 . The optical (V I) light curves are taken from the OGLE-IV catalog of RR Lyrae variables in the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) (Soszyński et al. 2016 ) and the Galactic Bulge (Soszyński et al. 2014 ). The mid-infrared (3.6 µm and 4.5 µm) time-series photometry data for RR Lyrae stars in the globular cluster M4 (NGC 6121) is taken from Neeley et al. (2015) . We have also included the data of type II Cepheids in the LMC (Soszyński et al. 2008) , SMC (Soszyński et al. 2010 ) from the OGLE-III catalog and the Galactic Bulge (Soszyński et al. 2017 ) from the OGLE-IV catalog in the optical (V I) bands for a comparison with the models of evolved RR Lyrae stars with different chemical compositions.
In order to study the pulsation properties of the observed RR Lyrae stars at a particular phase or mean-light, we need to account for the extinction corrections in magnitudes at a given wavelength. Using the positions (RA/Dec), we obtain the color excess E(V − I) values for RR Lyrae stars and type II Cepheids in the LMC and SMC from the reddening maps of Haschke et al. (2011) . We convert the color-excess values to the E(B − V) values using the relation: (Tammann et al. 2003) . We make use of the following conversion factors (Schlegel et al. 1998) to get the extinction in V, I bands:
We note that the reddening law towards the central Galactic bulge is not standard (Popowski 2000; Udalski 2003; Nishiyama et al. 2006 Nishiyama et al. , 2008 Nishiyama et al. , 2009 Nataf et al. 2013; Matsunaga et al. 2013) where the optical extinction is significantly large. Therefore, we adopt two different methods to correct the optical colors of RR Lyrae and type II Cepheid variables in the Galactic bulge. In the first, we obtain the color excess E(J−K s ) values using their galactic latitudes and longitudes within a boxsize of 2 from the extinctionmaps of Gonzalez et al. (2012) 1 . The extinction maps also provide a value of the extinction in K s -band, A Ks = 0.689E(J − K s ) using the Cardelli extinction-law (Cardelli et al. 1989 ). The optical totalto-selective absorption ratios used from the Cardelli extinction-law are = 0.479. In the second method, we take color excess E(V − I) and extinction A I obtained using the positions (RA/Dec) in the extinction calculator based on the OGLE data (Nataf et al. 2013) 2 . This extinction law makes use of the E(J − K S ) values from Gonzalez et al. (2012) and provides a relation: A I = 0.7465E(V − I) + 1.3700E(J − K S ). The A V values are estimated using the relation E(V − I) = A V − A I . For the globular cluster M4, the color excess of E(B − V) = 0.37 ± 0.10 is taken from Hendricks et al. (2012) and the total-to-selective extinctions of A 3.6 /E(B − V) = 0.203 and A 4.5 /E(B − V) = 0.156 from Monson et al. (2012) to finally get the extinction corrections of A 3.6 = 0.075 ± 0.020 mag and A 4.5 = 0.058 ± 0.016 mag. These extinction corrections are applied to the magnitudes and colors at minimum, mean and maximum light during the pulsation cycle. The light curve structure as well as the Fourier parameters and amplitudes are considered to be independent of the extinction correction for the present analysis. However, the interstellar reddening may affect the light curves as a second-order effect (Schmidt-Kaler 1982; McCall 2004; Hendricks et al. 2012 ).
FOURIER ANALYSIS OF RR LYRAE LIGHT CURVES
Fourier analysis method is discussed in detail, for example, in Deb & Singh (2009) and Bhardwaj et al. (2015) . In brief, the theoretical and photometric light curve data of RR Lyrae stars are fitted with the Fourier sine-series of the form:
where x is the pulsation phase. The periodicity in the light curves is used to fold the entire light curve into one phase cycle (0 x 1). In equation 2, m 0 is the mean magnitude and N is the order of the fit. We have used N = 20 for the theoretical light curves, N = 4 for the data from the globular cluster M4. For the photometric light curves from OGLE, N is obtained using the Bart's criteria (Bart 1982) by varying it from 4 to 8. To obtain the best-quality light curves, we restrict our sample to the stars for which more than 30 observations are available in the OGLE-IV catalogue. Fourier amplitude and phase coefficients (A k and φ k ) are used to determine Fourier amplitude ratios and phase differences:
where, k > 1 and 0 φ k1 2π. The errors in the Fourier Parameters are calculated using the propagation of errors in the Fourier coefficients (see Deb & Singh 2010) . We carried out a Fourier analysis of both theoretical and observed light curves of RR Lyrae variables. We find that the median value of standard deviation around Fourier fitted light curves does not exceed ∼0.06 mag in all of our samples in both V and I filters. The errors on the mean magnitudes and the Fourier parameters obtained from fitting the models are of the order of 10 −4 and are, therefore, not considered in our analysis. Tables 3 and 4 provide light curve parameters of the theoretical and observed light curves of RR Lyrae stars, respectively. In the following subsections, we discuss the variation of their light curve parameters as a function of period, wavelength and metallicity.
Amplitude parameters
The pulsation models of RR Lyrae stars are able to reproduce the observed light and velocity variations and the topology of the instability strip (Marconi et al. 2015) . The peak-to-peak amplitude is defined as the difference between maximum and minimum of light variations:
where (M λ ) min and (M λ ) max are the minimum and maximum magnitudes in the λ-band, respectively, obtained from the best-order Fourier fits. Fig. 1 shows the variation of the mean theoretical amplitudes with period, wavelength and metallicity. The mean amplitudes are obtained by taking average in a bin-size of log(P) = 0.1 dex, moving in steps of 0.03 dex. The error bars represent the standard deviation on the mean value within a given bin-size. We note that there is a range of M,L,T values in a given period bin and their impact on light curve parameters as a function of period will be discussed in the following subsections. We observe a decrease in amplitude with an increase in wavelength. This is similar to the results for Cepheid variables and this is expected because the effective temperature of an RR Lyrae star is such that the Planck function peaks at visible wavelengths. Thus, the temperature dependence of visible flux scales as R 2 T 4 e . On the other hand, since the infrared wavelengths lie on the Rayleigh-Jeans tail of the Planck function, the temperature dependence of K-band flux scales as R 2 T
1.6
e (Jameson 1986; Catelan & Smith 2015) . At longer wavelengths, K-band and L-band amplitudes are similar. We have separated all the models in the three metal-abundance ranges around Z=0.004 for plotting but we note that these results hold for all sets of models with a fixed metal-abundance.
However, for some short-period models (log(P) < −0.1 for Z=0.004 and log(P) < 0.1 for Z<0.004), the U-band mean amplitudes are lower than the mean amplitudes in B-band. This depends on the effective temperature of the RR Lyrae star. If the effective temperature is such that the Planck function peaks at wavelength corresponding to the B-band, U-band now lies at the shorterwavelength side of the peak and thus, B amp is the largest. The wavelengths on either side of the peak have amplitudes less than B amp . In contrast, if the effective temperature is such that the Planck function peaks at U-band, all other bands will have amplitudes less than U amp . This can also be seen from the results listed in Table 6 of Monson et al. (2017) for Galactic field RR Lyrae variables.
We also note the variation of the mean amplitudes with periods and find a decrease in amplitude with increase in period for both Z>0.004 and Z=0.004, with a minimum at around log(P) = 0. For Z>0.004, this is followed by an increase in the mean amplitude with period and a maximum occurs at around log(P) = 0.2. For the case of Z<0.004, the monotonic decrease in the mean amplitude with period is followed by a break in the pattern around log(P) = −0.1. These changes in the mean amplitudes with period are more distinct in the optical bands as compared to those in the infrared bands.
The comparison of the mean amplitudes from the theoretical RRab models with the mean observed amplitudes for RRab stars in the Bulge, LMC and SMC at optical wavelengths (V I) is depicted in Fig. 2 . The mean amplitudes for models with Z>0.004 and Z=0.004 have similar trend to RRab stars in the Bulge, LMC and SMC, with a monotonic decrease in their mean amplitudes with period in the range −0.35 < log(P) < 0. The mean amplitudes for all Z with log(P) < −0.1 match well with the observed amplitudes in the V I-band, given the large uncertainties. However, the longer period models (log(P) > −0.1) for Z<0.004 display significantly large mean amplitudes when compared with the observations. The amplitude ranges are also consistent between the models and the observations, with marginally better consistency in the V-band than in the I-band. In general, the mean amplitude values from the models are slightly higher than those from the observations. Di Criscienzo et al. (2004) had suggested that an increase in the mixing length parameter can cause a decrease in the pulsation amplitudes while keeping the light curve structure unchanged for RR Lyrae starsthis is similar to the results for Cepheid variables (Fiorentino et al. 2007; Bhardwaj et al. 2017) . We note that the pulsation amplitudes of theoretical light curves are affected by the uncertainties on the assumed convective efficiency (see, e.g., Fiorentino et al. 2007 ).
Theoretical Fourier Parameters
We present the variation of I and K-band Fourier parameters as a function of mass for Z=0.004 in Fig. 3 . Note that some of the Fourier phase parameters (φ 21 and φ 31 ) have been offset by 2π for visualisation purposes, for this figure as well as the following figures involving phase parameters in this paper. A smooth grid of models with a range of masses and luminosities enables us to predict how mass affects the Fourier parameters. The various sets of M-L pairs are clearly separated on the Fourier amplitude plane as a function of period in the K-band. However, this is not seen for models with P > 1d and also at optical wavelengths. In K-band, the separation of different M-L pairs is also distinct and clear on the phase parameter plane and we also note that the two different luminosity values for a given mass are well-separated. Further, for a fixed pair of M-L, the amplitude parameters decrease and the phase parameters increase with increase in mass in the overlapping period range. The near-infrared data available at present either consists of singleepoch observations or a few tens of observations. These sparsely sampled light curves do not provide accurate and precise values of Fourier parameters. With well-sampled near-infrared time-series data becoming available in near-future, such comparison with models can be used to provide constraints on the M-L combinations of RR Lyrae variables.
The variation of the mean Fourier amplitude (R 21 and R 31 ) and phase (φ 21 and φ 31 ) parameters with wavelength is shown in Fig. 4 for all the models of different Z values combined together. We observe a distinct and clear trend in the mean Fourier parameters as a function of wavelength. For a given period, the mean amplitude parameters decrease with increase in wavelength and the mean phase parameters increase with wavelength. Similar variation was also observed for the Cepheid variables with both theoretical and observed data . The optical mean amplitude parameters display greater scatter when compared to infrared bands as the metallicity effects are more pronounced at shorter wavelengths (Longmore et al. 1986; Bono et al. 2001; Sollima et al. 2006) . Further, the scatter in the mean phase parameters also increases for P > 1d. Fig. 5 displays the variation of the Fourier parameters with period as a function of different compositions at IK wavelengths. We find that for the short period RR Lyrae stars (log(P) < −0.15), the values of R 21 are greater for metal-rich models at optical bands while no clear trend is seen in R 31 . We also observe separation of RR Lyrae models based on different sequences of metalabundances in K-band amplitude parameter plane. As expected, the phase parameters display a better correlation with metal-abundance both at optical and infrared bands. The phase parameters increase with metal-abundance at a given period in optical bands while in K-band the variation is similar for a fixed set of M-L pair. Note that the correlation of Fourier phase parameters with metallicity has resulted in several empirical P−[Fe/H]−φ 31 relations in the literature (Jurcsik & Kovacs 1996; Smolec 2005; Morgan et al. 2007; Jurcsik et al. 2009; Nemec et al. 2013; Ngeow et al. 2016) .
We also carry out a quantitative analysis of the difference in the mean Fourier parameters (obtained by binning the entire period range in steps of log(P)=0.15 dex) across two filters V and I for Table 1. the cases − Z=0.02, Z=0.008 and Z=0.004. We do not find any significant difference within 3σ uncertainties in the mean Fourier parameters, except for the R 21 value in the period bin 0.30-0.45.
Comparison of the theoretical and observed Fourier parameters
We present a comparison of the theoretical mean Fourier parameters for RRab stars having metal-abundances, Z > 0.004, Z = 0.004 and Z < 0.004, with the observed I-band Fourier parameters of RRab and type II Cepheid variables in the Bulge, LMC and SMC from the OGLE catalog in Fig. 6 . We find that the Fourier parameters from the models are consistent with those from observations for all the cases over most of the period bins (P < 1d), given the dispersion in observed parameters. However for P > 1, we compare the theoretical amplitude parameters with the observed parameters for type II Cepheids and find that average values are consistent within errors, although the R 21 values for 0 < log(P) < 0.15 for in case of Z < 0.004 show a greater offset. In case of φ 21 , there is a discrepancy between theoretical and observed parameters in the period bin of 0 < log(P) < 0. (Kanbur et al. 2018) . The discrepancy at longer periods corresponding to redder stars may be resolved by assuming different mixing length parameters in the blue and in the red parts of the HR diagram when modelling RR Lyrae pulsation (see e.g. Di Criscienzo et al. 2004 ). We emphasize here that it is better to use one set of mixing length/turbulent convection parameters or artificial viscosity parameters for the whole set of RR Lyraes unless evidence indicates a specific variation with period in these parameters. We also compared limited NIR data available in the globular clusters for RRab stars (Neeley et al. 2015) and find that the observed Fourier parameters are consistent with models at longer wavelengths. However, the poor phase coverage in NIR leads to a greater dispersion in the Fourier plane and additional data with well-sampled light curves may lead to a more rigorous comparison, thus, constraining the model parameters . One direct consequence of the comparative light curve analysis is that we can get absolute magnitude for an observed RR Lyrae star, provided the model fits the observed light curve. This will allow us to obtain robust distance estimates using theoretical models. It is known that the RR Lyrae stars do not obey a well-defined PLR at optical wavelengths but exhibit a strong PLR in the infrared bands (Longmore et al. 1986; Bono et al. 2001; Catelan et al. 2004; Sollima et al. 2006; Muraveva et al. 2015; Braga et al. 2015; Neeley et al. 2015) . Despite the recent progress, the absolute calibration of RR Lyrae PLR is not well-constrained, mainly due to the lack of parallax measurements. Theoretical PLZ relations for RR Lyrae stars can be used as calibrators for the extragalactic distance scale but the contribution due to the metallicity is not well-understood as there is discrepancy between the theoretical and observed PLZ relations in the literature. However, we know that the lower order Fourier coefficients (A i and φ i ) provide a good first order measure of the light curve structure. Therefore, we select similar I-band light curves in the theoretical models and in the observations from the OGLE-IV data. We select good-quality light curves by imposing the following conditions:
where 1 i 3. We find 25 RR Lyrae stars in the LMC that pass these criteria and have light curves that match with theoretical models − the light curves are presented in Fig 7 and the results are summarised in Table 5 . We adopt the absolute magnitudes from models and extinction-corrected apparent magnitudes to obtain the distance modulus to the LMC. The average distance modulus to the LMC obtained from these 25 stars is found to be µ LMC = 18.51 ± 0.07, in a very good agreement with the published result, 18.49 ± 0. as a function of period and metal-abundance. The lower left panel plots distance modulus as a function of metallicity. The estimated distance moduli display a correlation with metal abundance (Slope = −0.215 ± 0.013), albeit a greater scatter (σ = 0.307). Right panels show the theoretical models overplotted on the normalised light curves of LMC RRab stars. The models fit the observations very well and this similarity allows a good estimate of distance modulus without accounting for any metallicity effects. We also test the robustness of distance estimate as we adopt looser constraints on matching the light curve structure. From Table 5 , we see that one model may correspond to multiple stars in the observed sample. Therefore, we adopt an additional condition that only one star may correspond to one model. This allows us to compare matches that are independent of duplicates as we go to higher sigma threshold. We find that the distance to the LMC changes from 18.48 to 18.47 with 2-10 sigma threshold and the statistical uncertainties vary from 0.16 to 0.04. We note that the LMC distance does not vary significantly with looser constraints as there are more number of matches, also leading to smaller statistical uncertainties. This suggests that period is indeed the primary parameter, and even though the light curve morphology is not strictly consistent, the reasonable distances can be estimated. However, in the era of percent-level precision, it is important to consider second-order effects i.e. the contribution from M,L,T that goes into the light curve structure for a fixed composition. A denser and smoother grid will also affect this result in a positive way and show the importance of light curve structure as a secondary way to constrain models over and above period in the era of precision cosmology. Also given the consistency of models with observed light curves, we can also provide a reasonable estimate of the physical parameters of the observed stars such as the chemical composition, stellar mass, luminosity, radius and effective temperature. In order to provide robust measurement of the physical parameters, a smoother and denser grid of models is required that will be used together with an automated non-linear optimization method (Bellinger et al. 2016 ) in a future study.
PERIOD-COLOR AND AMPLITUDE-COLOR RELATIONS
The colors at minimum and maximum light for RR Lyrae and Cepheid variables are used to probe the interactions of stellar photosphere and hydrogen ionization front (Kanbur & Ngeow 2004; Bhardwaj et al. 2014) . We use theoretical models and OGLE-IV light curve data for RR Lyrae stars in the Galactic bulge, LMC and Table 5 . RRab stars in the LMC with period and Fourier coefficients that match with the theoretical models. The first three columns are from observations while the last six columns are from the models. The extinction-corrected apparent magnitude (m 0 ) and absolute magnitude M are used to estimate the distance modulus µ to the LMC. SMC to study their PC and AC relations. The colors at maximum and minimum light are defined as:
where λ 1 < λ 2 and m is the apparent/absolute magnitude in case of observations/models at a particular wavelength. (m λ 2 ) phmax & (m λ 2 ) phmin correspond to the magnitude in λ 2 at the same phase as that of (m λ 1 ) max & (m λ 1 ) min , respectively.
Observed colors of RR Lyrae stars at maximum and minimum light
Figs. 9 and 10 show the PC and AC relations for the Bulge, LMC and SMC RRab and RRc stars, respectively, at the phases of maximum and minimum light. We correct the observed colors for extinction as discussed in Section 2 and fit linear regression to obtain robust estimates of slopes and zero-points after recursively removing 3σ outliers in PC and AC relations. The results are tabulated in Table 6 . We note that Bhardwaj et al. (2014) analysed PC and AC relations for Cepheid and RR Lyrae variables in the LMC and SMC using OGLE-III data. However, the OGLE-IV light curves have more number of data-points, specially in the V-band and, therefore, provide an improved color estimate at minimum and maximum light. Further, the number of RR Lyrae stars have also increased significantly in the OGLE catalog of variable stars. In this work, we have also included Bulge RR Lyrae stars by accounting for the extinction using two different methods. From Table 6 , we find that the Galactic Bulge RRab stars have a nearly-flat or shallow PC slope at minimum light that is consistent with previous results (Simon et al. 1993; Kanbur 1995; Bhardwaj et al. 2014; Ngeow et al. 2017 ). The corresponding AC relation is also very shallow whereas there is significant slope at maximum light for PC and AC relations. At minimum light, the slope of the PC relation is negative/positive for the RRab in the SMC/LMC while it is nearly flat for the Bulge RRab stars. At maximum light, the slope of PC relation increases going from the Bulge (1.359±0.028/1.397±0.028), LMC (1.651±0.017) to SMC (1.956±0.039), thus suggesting a possible correlation with metallicity such that higher metal-abundance leads to shallower PC max relation. We also note that the results of the PC slopes at different phases are preserved for the Bulge RR Lyrae stars using the two different extinction methods of Cardelli et al. (1989) and Nataf et al. (2013) , discussed in Section 2. We compare the PC min relations for the common RRab stars in the OGLE-III and OGLE-IV and find that these changes in slopes are preserved and, therefore, deserve further investigation. It is worth emphasizing that the PC min relation for new RRab stars in the OGLE-IV displays a flat relation similar to OGLE-III RRab stars.
From the viewpoint of the HIF-stellar photosphere interaction as discussed in Simon et al. (1993) ; Kanbur (1995) ; Kanbur & Phillips (1996) ; Bhardwaj et al. (2014) ; Ngeow et al. (2017) , we note that these OGLE IV results are still consistent with those ideas because as Table 6 demonstrates, the change in slope from minimum to maximum light is very significant. At minimum light, the photosphere and HIF are engaged and so the temperature of the photosphere and hence the color at minimum light is not strongly dependent on global stellar parameters: hence a shallow PC relation slope. As the star brightens from minimum light, the temperature increases, but the HIF and stellar photosphere are still engaged (Kanbur & Phillips 1996) . In this temperature range, the temperature at which hydrogen ionizes becomes much more strongly dependent on the global stellar properties. This leads to a greater dependence on period for the PC relation at maximum light as opposed to minimum light. Following the work of Simon et al. (1993) and Kanbur & Phillips (1996) , if the PC relation is shallower at min/max, the AC relation will be steeper at max/min. We find that the AC relations in the present analysis are also completely consistent with these predictions based on the Stefan-Boltzmann law (see, Bhardwaj et al. 2014 , for more details). Here, we emphasize that unlike RRab stars, the RRc stars do not show the large difference in slopes in the PC relation between max/min, as is depicted in Fig.10 . This is consistent with the theory of the HIF-stellar photosphere interaction. The HIF and stellar photosphere are still engaged, but since the overtones are hotter, the engagement occurs at a higher temperature which is in a range where Saha ionization equilibrium is more sensitive to temperature.
In addition, we note that the PC min is small but negative/positive for the SMC/LMC and the SMC has lowest metallicity of the three galaxies considered. It is worth mentioning here that while using the Bart's criteria to determine the optimum order of fit for individual stars results in a small negative PC min slope of −0.128 ± 0.033 for the RRab stars in SMC, using the order of fit, N=4 for all stars, results in a flatter PC min slope of −0.090 ± 0.030.
Increasing the order of the fit for all stars simultaneously leads to over-fitting. Further investigation is required to determine if the PC min slope for SMC RRab stars is indeed significantly negative. In a future study, we plan to combine these results with evolutionary models of RRab stars appropriate for the Bulge, LMC and SMC to study how the outer envelope structure and relative location of the stellar photosphere/HIF change due to metallicity and effect the slope of the PC min relation. The minimum light color of RR Lyrae has been used to estimate reddening but a large dispersion in (V −I) min suggests that caution should be used when using the properties of RR Lyrae stars at minimum light to determine reddening (Guldenschuh et al. 2005) . We compare here the size of the scatter in different colors at minimum light − it varies from ∼0.02 in r − i to ∼0.07 in u − g for RRab in SDSS Stripe 82 region ) and from 0.013 in r − z to 0.057 in g − i in the globular cluster M5 (Vivas et al. 2017) . We note further that the slopes of the PC max relations in the three galaxies vary according to the metallicity. The Bulge has the smallest slope, followed by the LMC and then the SMC. The error on the slopes suggest that the difference in the PC max slopes between the three galaxies is significant. The color at maximum light is essentially a proxy for amplitude since in these stars temperature fluctuations are more important than radius fluctuations in determining amplitude variations. It is certainly the case in Table 6 and these results can be used to place strong constraints on stellar evolution/pulsation models of RR Lyrae stars. Fig. 11 presents the PC and AC relations at maximum and minimum light obtained from theoretical models with different metalabundances. The solid lines display these relations in the Bulge, LMC and SMC respectively along with a representative 1σ error bar. The results of the best-fit linear regressions to the theoretical PC and AC relations are listed in Table 7 . We find the slope of the PC relation at minimum light to be flat for Z=0.02, Z=0.001, Z=0.0006 and Z=0.0003, within 3σ uncertainties. We note that the typical mean metallicity of RR Lyrae stars in the LMC is [Fe/H] = −1.48±0.03 dex on the Harris metallicity scale (Clementini et al. 2003) , equivalent to a mean metallicity of -1.25±0.07 (Smolec 2005) on the High Dispersion Spectroscopy (HDS) scale (or Z=0.0006 with the source for standard abundances from Asplund et al. (2005) 3 ) . Similarly, the average metal-abundance of RR Lyrae stars in the SMC is much smaller, Z=0.0003. The theoretical models predict a flat PC relation for the RRab stars in the LMC and SMC at minimum light. Interestingly, the PC relation at minimum light is slightly negative for both observed RR Lyrae stars in the SMC and the model Z=0.0003 − this is observed neither in Bulge/LMC nor with the other model compositions.
Theoretical colors of RR Lyrae stars at maximum and minimum light
Period-color-metallicity relation at maximum light
We note from Table 6 that the slope of PC relation at maximum light increases as we go from the Bulge to LMC to SMC. Therefore, we investigate metallicity dependence on PC relations at maximum, mean and minimum light. where P is the period in days of the RRab star and φ 31 is the Fourier phase parameter listed in Table 4 . This relation provides the metallicity estimates on the HDS scale. We find the median metallicity of LMC to be −1.267 ± 0.002 dex on the HDS scale. As mentioned earlier, Clementini et al. (2003) found a mean metallicity of −1.48 ± 0.03 dex on the Harris scale which when converted to the HDS scale results in a mean metallicity of −1.25±0.07 dex (Smolec 2005) . The median metallicity of SMC is −1.491 ± 0.006 dex and that of Bulge is −1.012 ± 0.004 dex on the HDS scale using this relation. Using these median metallicities, we conclude that Z=0.001
for Bulge, Z=0.0006 for LMC and Z=0.0003 for SMC and as such, we use these models for comparison in Figs. 9 and 10. Table 8 summarises the PC − [Fe/H] relations for RRab stars in the Bulge, LMC and SMC at minimum, mean and maximum light. The metallicity dependence of the PC relation increases as we go from minimum to maximum light, suggesting that the mean light results are an average of the results at max/min light or of the various pulsation phases. A multiphase approach over multiple wavelengths will be carried out in near-future to investigate this further. To determine the statistical significance of the variables, Figure 7 . The light curves of the 25 stars in the LMC (in red) that match with models (in blue). The period of these stars and the properties of the corresponding models such as the stellar mass, luminosity, radius and effective temperature may be found in Table 5. we check if the p-value of the t-test for the significance of the additional variable (Pr(> |t|)) is less than 0.05. All the variables in the PCZ relations are found to be significant for all the cases except for the [Fe/H] term in the case of LMC at minimum light.
DISCUSSION AND CONCLUSIONS
We have carried out a detailed light curve analysis for the largest available dataset of RR Lyrae stars in the Bulge, LMC and SMC from the OGLE-IV survey using the Fourier decomposition technique and compared the results with the most recent stellar pulsation models of RR Lyrae stars from Marconi et al. (2015) . The models show a decrease in amplitude with an increase in wavelength, except for a few period ranges where U amp < B amp , depending on the effective temperature of the RR Lyrae star. This is consistent with observations, albeit the mean amplitudes from the models are slightly higher than those from observations − an increase in the mixing length parameter can cause a decrease in the pulsation amplitudes (Di Criscienzo et al. 2004) . Also, the uncertainties on the assumed convective efficiency affect the pulsation amplitudes of the theoretical light curves (Fiorentino et al. 2007 ). An investigation of the variation of Fourier parameters with mass predicts a decrease in Fourier amplitude parameters and an increase in the Fourier phase parameters with an increase in mass for a given period range, especially in the K-band. The availability of the NIR RR Lyrae data in the near future would be useful for providing constraints on the M-L combinations of the RR Lyrae stars. The variation of Fourier parameters with wavelength presents a decrease in amplitude parameters and an increase in phase parameters with an increase in wavelength, for a given period. The scatter in the amplitude parameters decreases as we go from optical to infrared, given that the metallicity effects are less at longer wavelengths.
The observed Fourier parameters of RR Lyrae stars are in reasonable agreement with those obtained from the models − with a better consistency in the infrared bands. For the long-period range 0 < log(P) < 0.2, models show marginal inconsistency in phase parameters at optical wavelengths. We found a subset of 25 RRab stars from the LMC with I-band light curves that match well with models. These subset of models were used to obtain an average distance modulus to LMC of 18.51 ± 0.07 mag, which is in good agreement with published results.
We study the period-color and amplitude-color relations at minimum and maximum light to understand the interaction of the stellar photosphere with the hydrogen ionisation front. While the PC min slope is nearly-flat for Bulge RRab stars and consistent with previous results, it has a small but significant positive/negative slope for LMC/SMC RRab stars. However, the change in slope from minimum to maximum light is significant and thereby, the theory of the interaction of stellar photosphere and hydrogen ionisation front is consistent. Unlike their fundamental mode counterparts, the RRc stars show a smaller difference in PC slope from min/max − this is consistent with the theory of the HIF−stellar photosphere interaction because these stars are hotter and so the HIF and stellar photosphere engagement occurs at a much higher temperature in a range where Saha ionization equilibrium is more sensitive to temperature.
Using the photometric median metallicities, we find Z=0.001 for Bulge, Z=0.0006 for LMC and Z=0.0003 for SMC and use these models for comparison with the observations. The models predict a flat PC min at minimum light for Z=0.02, Z=0.001, Z=0.0006 and Z=0.0003. It is interesting to note that Z=0.0003 predicts a slightly negative slope for PC min , similar to that observed in SMC. We, therefore, suggest that PC min may be used as a constraint for models. The metallicity dependence of the PC relations increases as we go from minimum to maximum light. At maximum light, the PC relation slope increases from Bulge to LMC to SMC. The results of PC and AC relations in both theory and observations are found to be consistent with the previous works and the theory of the interaction of stellar photosphere and hydrogen ionization front. The multi-wavelength light curve analysis of fundamental-mode RR Lyrae stars has been carried out extensively for the first-time in the present analysis using both theoretical models and observed light curves. Although our results suggest an overall consistency of the models with the observations, there are cases of discrepancies such as the higher amplitudes at optical bands and the sensitivity of convection towards the redder edge of the instability strip that need further investigation. A smoother grid of models along with variation in the mixing length, viscosity etc. should result in a better agreement between the models and observations. The results of this work can provide stringent constraints for the theoretical stellar pulsation codes that incorporate static atmosphere models to generate RR Lyrae light curves at multiple wavelengths. Figure 11 . PC and AC relations for the RRab models at maximum and minimum light. The period range has been restricted to log(P) < 0 for comparison with the observed RRab stars. The lines represent the best fit relations to the PC and AC relations from Bulge, LMC and SMC RRab stars. The standard deviations of the PC and AC plots from the observed data are also plotted on top of each sub-plot. 
APPENDIX A: FOURIER INTERRELATIONS
There is a dearth of light curve data for RR Lyrae stars in the NIR bands − usually we have single-epoch observations. Even in case of multi-epoch observations in the NIR bands, the number of observations are typically not enough to calculate precise Fourier parameters. From the comparison of the theoretical and observed Fourier parameters (Sec. 3.3), we find that albeit a few period ranges where there are slight discrepancies, the observed Fourier parameters match quite well with those from the models. This helps us in predicting the Fourier parameters in the other bands after deriving the Fourier interrelations using the following transformation equations: 
where λ 1 < λ 2 . Fig.A1 shows a representative plot of the Fourier interrelations for Z=0.0006 from I-J bands. The green circle encloses a set of "outliers" which have been removed prior to obtaining the transformation equations. The set of equations have been Table A1 for Z=0.001, Z=0.0006 and Z=0.0003. The internal dispersion decreases as we go from R 21 to R 31 and increases as we go from φ 21 to φ 31 and it increases as we go from optical to near-infrared bands, for all the cases. This paper provides the transformation equations for Fourier parameters in (V-I), (I-J) and (J-K) bands but it can easily be obtained for the rest of the bands.
